Space charge and charge trapping characteristics of cross-linked polyethylene subjected to ac electric stresses by Chong, Y L et al.
INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS D: APPLIED PHYSICS
J. Phys. D: Appl. Phys. 39 (2006) 1658–1666 doi:10.1088/0022-3727/39/8/027
Space charge and charge trapping
characteristics of cross-linked
polyethylene subjected to ac electric
stresses
Y L Chong1, G Chen1, H Miyake2, K Matsui2, Y Tanaka2 and
T Takada2
1 School of Electronics and Computer Science, University of Southampton, Southampton,
SO17 1BJ, UK
2 Electronics Measurement Laboratory, Musashi Institute of Technology, 1-28-1
Tamazutsumi, Setagaya-ku, Tokyo 158-8557, Japan
Received 6 October 2005, in ﬁnal form 13 February 2006
Published 30 March 2006
Online at stacks.iop.org/JPhysD/39/1658
Abstract
This paper reports on the result of space charge evolution in cross-linked
polyethylene (XLPE) planar samples approximately 220µm thick. The
space charge measurement technique used in this study is the pulsed
electroacoustic method.
There are two phases to this experiment. In the ﬁrst phase, the samples
were subjected to dc 30kVdc mm−1 and ac (sinusoidal) electric stress levels
of 30kVpk mm−1 at frequencies of 1, 10 and 50Hz ac. In addition, ac space
charge under 30kVrms mm−1 and 60kVpk mm−1 electric stress at 50Hz was
also investigated. The volts-off results showed that the amount of charge
trapped in XLPE sample under dc electric stress is signiﬁcantly bigger than
samples under ac stress even when the applied ac stresses are substantially
higher.
The second phase of the experiment involves studying the dc space
charge evolution in samples that were tested under ac stress during the ﬁrst
phase of the experiment. Ac ageing causes positive charge to become more
dominant over negative charge. It was also discovered that ac ageing creates
deeper traps, particularly for negative charge.
This paper also gives a brief overview of the data processing methods
used to analyse space charge under ac electric stress.
(Some ﬁgures in this article are in colour only in the electronic version)
1. Introduction
Over the past two decades, space charges within dielectrics
underdcelectricstress(hereinknownasdcspacecharge)have
received much interest and numerous literature regarding their
evolution and activities in different types of materials with
different chemical additives were published [1–7].
On the other hand, investigation in space charges under
50Hz ac condition remains a relatively unexplored ﬁeld.
Indeed, it is only in the last ﬁve years or so that results, albeit
limited, of space charge in polymeric insulation subjected to
acstress(hereinknownasacspacecharge)havebeenreported
[8–12].
Various measurement techniques, formerly only used for
dcspacecharge,suchasthethermalstepmethod[9],thepulsed
electroacoustic (PEA) method [10–12] and the laser induced
pressure pulse (LIPP) method [8], were employed for ac space
charge measurements.
Earlier results using the PEA technique [10] revealed
that the critical frequency on which space charge accumulates
is <0.02Hz. However, ﬁndings in [9, 13] have shown
clear evidence of space charge accumulation in polymeric
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insulation when stressed at power frequency (50Hz). It
should be pointed out that the poling times were considerably
longer in the literature whereby space charge accumulations
were observed. It was also suggested in [13] that
different electrode/insulation interface could be another factor
contributing to the inconsistency in the literature. Indeed, it
wasdemonstratedthatacspacechargeofaverydifferentnature
(in fact completely opposite) was observed with different
electrode/insulation interface conﬁgurations.
This paper reports on the result of space charge
evolutionincross-linkedpolyethylene(XLPE)planarsamples
approximately 220µm thick. The space charge measurement
technique used in this study is the PEA method.
Therearetwophasestothisexperiment. First,thesamples
weresubjectedtodc30kVdc mm−1 andac(sinusoidal)electric
stress level of 30kVpk mm−1 at frequencies of 1, 10 and
50Hz ac for 24h. In addition, ac space charge under
30kVrms mm−1 and 60kVpk mm−1 electric stress at 50Hz was
also investigated.
Space charge mechanism in dielectric under ac electric
stress is often difﬁcult to understand as numerous factors
such as the varying amplitude of sinusoidal ac voltage,
voltage reversal, charging trapping/cancellation, charge
injection/extraction, material degradation, etc need to be
considered. Hence, the second phase of the experiment
involves studying the dc space charge evolution in samples
that were pre-aged under ac stress.
2. Experimental details
2.1. Automated PEA system
PEA is by far the most widely used technique in the ﬁeld
of space charge measurements. This technique utilizes
interaction between high voltage pulses and charge layers
accumulated in the insulating material to produce acoustic
pressure waves which traverse across the material. Detailed
reviews on the principle of PEA can be found in the literature
[14,15]. To summarize, acoustic pressure waves are produced
when an electrical pulse, applied externally, interacts with
charge layers at the electrodes and/or in the material. The
acoustic waves, which are proportional to the charge layers,
are converted into an electrical signal by a piezo-electric
transducer,ampliﬁedandcapturedwithadigitialoscilloscope.
Due to the frequency behaviour of the piezo-electric
transducer and amplifer, distortion of the output signal occurs
as shown in ﬁgure 1.
The peak between the cathode and anode, as seen in
ﬁgure 1, is not due to space charge but rather the frequency
responseofthesystem. Nonetheless,aquantitativedescription
of charge across the sample can be obtained through a
deconvolution technique and calibration [16].
Furthermore, as the acoustic wave propagates through
a material, the absorption and dissipation of the acoustic
energy into heat and other forms of energy cause attenuation
of the signal. However, the inhomogeneities and frequency
dependenceofthematerialconstantssuchasYoung’smodulus
may result in dispersion of the acoustic signal. A signal
recovery algorithm involving a Fourier transform has been
successfully empolyed to compensate such effects in thick
Figure 1. A typical PEA output signal.
Amplitude
Time
Induced charge
on top electrodes
Pulses 45o 90o 0o 180o 225o 135o 270o 315 oo 360
Figure 2. Point-on-wave measurement.
samples[17]. However,inthinsamplessuchastheonesusedin
this study, such effects are usually considered to be negligible.
In the case of dc space charge, the applied voltage is not
time dependent. However, for ac space charge, the applied
voltage varies with time. It is therefore important to correlate
the space charge measured with the applied ac voltage. This is
best achieved with the ‘point-on-wave’ method. The principle
of the ‘point-on-wave’ method is shown in ﬁgure 2. The
detailed description of the PEA method under ac voltage has
been described elsewhere [18,19].
Asillustratedinﬁgure2,measurementonadifferentphase
of the ac waveform will yield an output of different magnitude
andpolarityfortheinducedchargeontheelectrode. Forclarity,
traces of the induced charge on the top electrode are shifted to
the right when polarity is changed.
Figure 3 shows the schematic diagram of the fully
automated PEA system.
In conventional PEA system, the time required to obtain a
space charge measurement under dc electric stress is typically
about 30s. However, this improved PEA system is able to
obtain a measurement in less than 1s [6]. This is especially
useful when space charge dynamics at short time intervals are
to be studied.
Withreferencetoﬁgure3,thecomputerisusedtogenerate
dc or ac waveforms of various amplitudes and frequencies.
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Figure 3. Schematic diagram of the pulsed electroacoustic
technique.
Such a waveform is then fed into a high voltage ampliﬁer
and ﬁnally across the sample. An electric pulse of 10ns
duration and 2kV amplitude is applied to the sample to
generate the acoustic signal. Since the high voltage pulses
required to generate the pressure waves are also controlled by
the computer, it is possible to apply the high voltage pulses
on the desired points of the ac waveform with precision to
achieve the ‘point-on-wave’ measurement approach.
This is a different approach from the one used in the
LIPP system as reported in [8]. In the LIPP system, the
voltageacrossthesamplewasmonitoredbyacapacitordivider
while the timing of the measurements was controlled with an
electronic control board.
2.2. Sample details
The test samples used in this study were planar samples
consisting of XLPE insulation with semicon electrodes hot-
pressed on either sides. The insulating bulk was made from
cable grade XLPE (Borealis XL4201S), while the semicon
was made of the same grade of polyethylene material, but was
loaded with carbon black to increase conductivity (Borealis
LEO592).
Boththeinsulationof∼400µmthickandthesemiconsof
∼200µm thick were made separately at temperatures below
the activation threshold of the crosslinking agent—dicumyl
peroxide (DCP).
Crosslinking was achieved by hot-pressing the electrodes
into the insulating bulk at 200 ◦C for about 10min, ensuring
a good interfacial contact at the same time. The resultant
thicknesses of the samples were approximately 200µm thick
in bulk insulation.
All samples were degassed in a vacuum oven at 90 ◦C for
48h to remove volatile by-products of the crosslinking agent.
2.3. Experimental protocols
In the ﬁrst phase of the experiment, all samples were
electrically aged for a duration of 24h. Space charge
Table 1. Experimental protocols (ﬁrst phase).
Sample Treatment Stress level Frequency
A Degassed −30kVdc mm−1 dc
B Degassed 30kVpk mm−1 1Hz Sine
C Degassed 30kVpk mm−1 10Hz Sine
D Degassed 30kVpk mm−1 50Hz Sine
E Degassed 30kVrms mm−1 50Hz Sine
F Degassed 60kVpk mm−1 50Hz Sine
distributions were measured at hourly intervals during the
ageingperiodwithvoltageapplied. Detailsoftheexperimental
protocols can be seen in table 1.
Investigations on dc space charge dynamics were done
mainly as a reference to assist the understanding of ac space
charge dynamics since its behaviour is better understood.
The ‘point-on-wave’ approach is not necessary for a dc
space charge since the applied voltage does not vary with
time. In the case of ac space charge, however, 16 equally
spaced measurements on a complete sinusoidal wave were
taken. After 24h of ageing, the short-circuit space charge
distributions were measured and monitored for 2h.
The second phase of the experiment was carried out about
1 month after completion of the ﬁrst. All samples that were
aged under ac electric stress were stored at room temperature
during the 1 month, allowing any charge trapped to decay.
Afterthestorageperiod, astepvoltagetestwasconducted
to investigate the stress at which space charge initiates. In
this experiment, voltage was increased from 0kV, at a voltage
step of 1kV every 30s until a stress level of 30kVdc mm−1
was reached. Space charge measurements were taken at every
incremental voltage step. The ﬁnal voltage, which depends on
thesamplethickness,wasintherangefrom6to7kV.Thefront
and rear peaks of the measured output, which are proportional
to the stresses at the electrodes, were then plotted against the
applied voltage.
Immediately after the step voltage test, the samples were
aged under 30kVdc mm−1 electric stress for 24h at ambient
temperaturewith,onceagain,spacechargemeasurementtaken
at regular intervals. Just as in the ﬁrst phase of the experiment,
theshort-circuitspacechargedistributionsinthesamplesafter
ageing were monitored for 5h. For the sake of brevity the
samples tested in the second phase of the experiement will be
labelled with ‘dc-’; for example dc-sample B, dc-sample C
and so on.
3. Results and discussion
Figure 4 shows the space charge proﬁles of sample A.
With reference to ﬁgure 4(a), which shows the volt-on
charge proﬁle during 24h ageing, homocharges, or charges
of the same polarity as the electrodes, can be seen in the
vicinity of both electrodes after just 1h of the experiment.
The amount of homocharges accumulation increased with
ageing duration. This accumulation of homocharges caused
the interfacial stresses to reduce, as evidenced by the decrease
in the amplitude of the anode and cathode.
The accumulation of homocharges in sample A was
also reﬂected in the volt-off space charge proﬁles as seen
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Figure 4. Charge proﬁles of sample A: (a) volt-on (b) volt-off.
Figure 5. Charge proﬁles of sample B.
in ﬁgure 4(b). A signiﬁcant decrease in space charge was
observed after the applied voltage was removed for 2h.
The space charge of such nature is typically seen in pure
LDPE or thoroughly degassed XLPE samples whereby charge
injection from the electrodes is the dominant process. It was
also observed that there is more negative charge than positive
charge accumulated in the sample.
Figure 5 shows the space charge proﬁles of sample B at
various phases of the ac waveform.
Figure 5 demonstrates the feasibility of the ‘point-on-
wave’ technique of the PEA system. Comparing the space
charge proﬁles at 0h with that after 24h suggests negligible
charge accumulation. However, a careful examination of the
anodesofﬁgures5(b)and(d)seemstoindicateaslightincrease
in amplitude after 24h of ageing.
As mentioned before, space charge can affect stress at
the interface. As opposed to sample A, increase in stress at
the anode may be caused by negative charge accumulation.
Although almost no charge accumulation can be seen in
ﬁgure 5(d), this may be due to the induced interfacial peaks
masking off the substantially smaller charge accumulation.
Two methods have been proposed by Montanari et al [12]
to observe space charge of such a small magnitude. The ﬁrst
method was to subtract the charge proﬁle where no charge,
ρno-charge, was accumulated from the space charge proﬁle with
Figure 6. Charge proﬁles of sample B after the removal of the
Laplacian contribution to induced interfacial peaks.
charge, ρvolt-on:
ρaccumulated = ρvolt-on − ρno-charge. (1)
The space charge proﬁle of ρno-charge has to be obtained before
theaging. Firstthespacechargeproﬁleofthesampleatastress
levelthatishighenoughtoyieldgoodsignal-to-noiseratiobut
small enough to avoid space charge built up in the sample
was measured. The electric stress level used for this purpose
is <10kVmm−1 as it has been reported that, under room
temperature, threshold stress for space charge accumulation
in this material is at least 10kVmm−1 [7]. This space charge
proﬁle is also used for calibration purpose and will hence be
known as ρcalibrate.
Hence ρno-charge can be calculated using
ρno-charge =
Eapplied
Ecalibrate
× ρcalibrate, (2)
whereEapplied andEcalibrate aretheappliedstressandcalibration
stress, respectively.
Figure 6 shows the space charge proﬁles of sample B at
270◦ after applying the above data algorithm.
Asseeninﬁgure6,thechargedistributionisdominatedby
negative charge; also the amount accumulated in the sample
increases with ageing duration. These results are consistent
with those reported in [11].
Theaccumulationofnegativechargeattheanodeledtothe
increase in interfacial stress there as observed in ﬁgure 5.O n
the other hand, the negative charge accumulated at the cathode
there should cause the interfacial stress to reduce. This effect,
however, is extremely subtle as the sensitivity of the system at
the cathode end is substantially lower than that at the anode
with the latter being close to the piezo-electric transducer.
The second method proposed was to measure the space
charge proﬁle when the Laplacian ﬁeld is zero which is at the
natural zero of the ac waveform, i.e. phases 0◦ and 180◦.
Figure7showsthespacechargeproﬁlesofsampleBat0◦.
The space charge proﬁles taken at natural zero (only 0◦
is shown here for brevity) of the ac waveform are similar to
that seen in ﬁgure 6, only smaller in magnitude. This may be
attributed to very fast charge accumulated in the sample which
disappearedassoonastheelectricstressacrossthesamplefell
to zero.
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Figure 7. Charge proﬁles of sample B at 0◦.
Figure 8. Volt-off charge proﬁles of sample B.
However, both methods are very dependent on the
precision of the ‘point-on-wave’ technique; as such any drift
in the control system may lead to erroneous results.
The ‘point-on-wave’ space charge proﬁles of samples C
to F are very similar to that of sample B, with the induced
peaks masking the presence of space charge accumulation, if
any at all. This suggests that the indication of space charge
presenceunderacconditionsisextremelydifﬁcultunlessthere
is a substantial amount of charges formed in the bulk of
insulation. The only two phases that may show the presence
of charge are 0◦ and 180◦ at which the external voltage is
zero. Bearing this and the problems associated with the above
methods in mind and also for simplicity, only charges that
were trapped reasonably deep were presented. This was done
by removing the applied stress after 24h of electrical ageing
before measuring the volt-off space charge proﬁle. The time
span between the removal of voltage and the measurement
of the ﬁrst space charge measurement is approximately 5s.
However, for simplicity, this measurement is referred to here
as 0h measurement.
The volt-off space charge proﬁle of sample B is shown in
ﬁgure 8.
Comparing ﬁgure 8 with ﬁgures 6 and 7, it can be seen
that while smaller in magnitude, the distribution of space
charge is generally the same—dominated by negative charge
accumulation. This is probably due to fast charge being
detrappedduringthe5stimespanneededbetweentheremoval
of voltage and measurement of space charge. Short circuiting
Figure 9. Volt-off charge proﬁles of samples C to F.
the sample for 2h resulted in appreciable decay in the amount
of charge but less than what was observed in sample A.
Figure 9 shows the volt-off space charge proﬁles of the
degassed samples after 24h ac ageing.
If the frequency of the ac voltage is low, there is more
time for charge to be injected, transported and trapped in the
bulk before the polarity of the voltage reverses. Therefore,
one would expect the amount of charge trapped in a sample
to reduce when the frequency increases. Indeed, it was
reported that the amount of charge accumulated in LDPE and
XLPEreducesasfrequencyoftheappliedacvoltageincreases
[10,12].
However, a quick comparison of the space charge proﬁles
ofsamplesB,CandDsuggestsotherwise. Whileatthelowest
frequency of 1Hz (sample B) one saw the highest amount of
chargetrappedinthebulkattheendofthescaleonedidnotsee
theleastamountofcharge(sampleD).Infact,itwassampleC,
whichwasagedat10Hzacvoltage,whichexhibitednegligible
charge trapped in the bulk.
One possible explanation is the contribution of space
charge on ac ageing is speculated to be mainly due to
the fatigue mechanism associated with the electromechanical
energy stored or released in trapping/detrapping as well as to
the electromechanical forces exerted by the injected charge in
each half cycle [20]. Hence, at 50Hz, sample D was subjected
tomorecyclesofpolarityreversalforthegivenageingduration
compared with both samples B and C. This may result in more
rapid degradation which may in turn result in the formation of
deeper traps. Another hypothesis is that the deep traps exist
prior to electrical ageing. However, our results in [13]d on o t
support this hypothesis. In reality, the effect of frequency on
chargeaccumulationinsoliddielectricmaterialscouldbemore
complicated and more research is required.
All the samples tested under ac condition, with the
exception of sample C, were dominated by trapped negative
charge. This suggests that ac ageing results in the formation
of deep traps for negative charge.
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Figure 10. Step voltage test results of sample A and dc-sample F.
It should be noted that in [10, 12], space charges were
measured while ac voltage was applied on the sample while
in the present study the charges measured were those trapped
in the sample after the removal of voltage. Therefore, the fast
charge may be accountable for the difference in the results.
Comparing the space charge proﬁles of sample D with
samples E and F indicates an increase in the amount of
accumulated negative charge. This may be attributed to the
fact that higher electric stress enhances charge injection and
also the process described before.
Itwasnotedthatrelativelylessdecayofthetrappedcharge
was observed in samples D, E and F compared with samples A
and B. This is probably attributed to the formation of more
deep traps as a result of the higher frequency and/or electric
stress which supports the hypothesis of deep traps formation.
The second phase of the experiment involved stressing
samples B to F under dc electric stress. It was conﬁrmed that
the charges trapped in the samples during the ﬁrst phase of the
experiment had decayed to an amount that could no longer be
detected by the PEA system.
Before ageing the samples a simple step voltage test was
conducted to investigate the threshold stress at which space
charge initiates in the samples. Similarly to the procedure
adopted earlier, voltage was increased from 0 to 6 or 7kV at a
voltagestepof1kV.Spacechargemeasurementsweremadeat
every incremental step. The peak voltages were plotted versus
the applied voltage. The results are shown in ﬁgure 10.
Space charge modiﬁes the stresses at the insula-
tion/electrode interfaces which in turn causes the front and
rear peaks to deviate from the extrapolated trend line. How-
ever, this is not seen in ﬁgure 10 suggesting that up to a stress
l e v e lo f3 0k V dc mm−1, no space charge is formed in the sam-
ples. The step voltage test results of dc-samples B to E are
similar to that of sample A and dc-sample F and will not be
shown in this paper. While the results in this experiment sug-
gest that the threshold voltage is not affected by ac ageing, it
is worth pointing out that this deduction only holds true for
applied stress of 30kVdc mm−1 or less.
The results of the volt-on space charge proﬁles of dc-
samples B to F can be seen in ﬁgure 11. Measurements were
taken at 0, 1, 2, 4, 8 and 24h.
With reference to ﬁgure 11, no signiﬁcant space charge
can be seen in dc-samples B to F at 0h, i.e. immediately after
the step voltage test. This is consistent with the results of the
step voltage test.
At 1h, homocharges can be seen accumulating near the
vicinity of both electrodes in all the samples. As in the case of
sample A, the formation of these homocharges is believed to
be caused by charge injection from the semicon electrodes.
Figure 11. Volt-on charge proﬁles of dc-samples B to F.
In the case of dc-samples B and C, an increase in positive
homocharge with increasing stress period was observed, with
the negative homocharge reaching its maximum amount after
4h of ageing.
Similarbehaviourcanbeobservedforthenegativecharge
in dc-samples D to F, which appears to reach its maximum
amount after 4h of ageing. However, in the vicinity of the
anode, a positive packet charge can be seen, less obvious in
the dc-sample D compare with samples E and F.
It has been reported that packet charge formation may be
caused by charge carrier generation under a high electric ﬁeld
(above100kVdc mm−1), antioxidantdeterioratedbyoxidation
[21] and local ionization of impurities through salvation by
acetophenone [22]. The samples used in this experiment,
however, do not contain antioxidant and acetophenone is
believed to be largely removed after the degassing process
while the stress applied is much lower than 100kVdc mm−1.
Therefore, formation of packet charge is believed to be caused
by the ac ageing during the ﬁrst phase of the experiment.
Carefulcomparisonofthechargeproﬁlesofdc-samplesD,
E and F indicates that the time for packet charge formation is
dependent on ac ageing conditions. From ﬁgure 11, packet
charge only appears in dc-sample D after 24h of ageing while
it takes only 8h in the case of dc-sample E and 4h for dc-
sample F. It is worth noting that after it initiates, the packet
charge tends to move towards the cathode with ageing time
as indicated by the arrows. Charge proﬁle in a sample is
closely related to charge dynamics (transport, trapping and
recombination). The mobility of charge carriers depends not
only on trap distribution but also on the local electric ﬁeld.
Charge movement in the sample is complicated, especially
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Figure 12. Volt-off charge proﬁles of dc-samples B to F.
when both positive and negative charges are present. So it is
possible that the positive charge packet observed is a result of
the above processes.
According to the ﬁndings reported in [23], a positive
charge packet can be observed only when the positive charge
dominates the carriers. A similar conclusion can be drawn
by looking at ﬁgure 11, which shows that dc-samples D to F
are dominated by positive charge. A quick look at ﬁgure 12,
which shows the space charge proﬁles of all the samples with
the volt-off after the 24h of ageing, further conﬁrms this.
The amounts of positive and negative charges trapped in
sample A are almost equal as seen in ﬁgure 4(b). In the case
of dc-sample B, positive charge appears to be more dominant,
moving more towards the cathode. This effect is even more
profound in dc-samples C and E. This is probably due to the
difference in frequencies of the ac stress they were subjected
to during the ﬁrst phase of the experiment.
One way to explain this is that at 1Hz, dc-sample B was
subjected to 10 and 50 times less cycles of polarity reversal
when compared with dc-samples C and D, respectively.
Therefore, the effect of ac ageing experienced by dc-sample B
can be viewed as comparatively much lesser.
Increasing the ac stress level seems to enhance the effects
exhibited in dc-samples B to D. This can be clearly seen in
the space charge proﬁles of dc-samples E and F in ﬁgures 11
and12. Anothernoticeablefeatureisthatasageingconditions
are more severe there are less negative charges adjacent to the
cathode as shown in ﬁgure 11.
Thespacechargedistributionsofdc-samplesDtoFshown
in ﬁgure 12 indicate two peaks in the positive charge trapped
in the bulk. This is not seen in dc-samples A to C. The second
peak, as indicated by the arrow, appears to correspond to the
packet charge seen in ﬁgure 11.
Thepacketchargepeaktendstobepositionedclosertothe
cathode when the pre-ageing ac stress is higher. This can be
seen by comparing the space charge proﬁles of dc-samples D
to F in ﬁgure 12. Additionally, it seems that negative charges
becomelesswithageing. Thismayberelatedtothemovement
ofpositivecharge. Someofthenegativechargesmaybeeither
neutralizedorcancelledoutbypositivechargesfromtheanode.
Therefore, positive charge propagation may be an
indicationofmaterialdegradation. Indeed,studieshaveshown
some relation between propagation of positive charge and the
intrinsic breakdown of insulating materials [24,25]. This may
beattributedtothefactthataspositivechargepropagatescloser
to the cathode, the interfacial stress at the cathode increases
which eventually leads to electrical breakdown.
However, due to limited results no direct relationship
can be observed between positive charge propagation and
the extent of material degradation or life expectancy. More
experimental results are needed before any ﬁrm conclusion
may be drawn regarding this issue.
The mechanism by which the packet charge forms and
moves is believed to be the same as reported in [23]. To
summarize, positive charge injected from the anode moves
towards the cathode under the inﬂuence of the effective stress,
Ee (x), given which can be described as
Ee(x) = Ea + Ec(x), (3)
where Ea = the applied stress and Ec(x) = the stress from
space charge distribution.
As more positive charge is injected into the bulk, the
interfacial stress of the anode reduces and hence the rate of
charge injection also reduces. The positive charge then moves
towards the cathode under the inﬂuence of the effective stress.
This probably explains why the positive packet charge in dc-
sample F is smaller and penetrates deeper into the bulk.
Reduction of positive charge can be seen in dc-samples A
to C after the voltages were removed for 5min. On the other
hand, the insigniﬁcant reduction in positive charge can be
observed in dc-samples D to F after voltage removal for the
same duration.
In order to conﬁrm this, the integration of the charge
densities(Q)acrossthebulkwascalculatedusingequation(4):
Q(t) =
 d
0
ρ(x,t)Sdx, (4)
whered = samplethickness,x = position withinthebulkand
S = electrode area.
Figure 13 shows the integral of the positive charge of four
different samples at various times after the removal of voltage.
It can be seen that the positive charge in sample A and
dc-sample C decays more rapidly than those of dc-samples D
and F. This suggests that charges are trapped more deeply in
thelatterwhencomparedwiththeformer. Hence,itisbelieved
that ac ageing results in the formation of deep traps. This is
consistent with the observation in LDPE after ac ageing [13].
It is also noted that the reduction of negative trapped
charge is relatively less when compared with that of positive
charge. This may imply that ac ageing causes the formation of
traps that are more stable for negative charge.
Figure14, whichshowstheintegralofthenegativecharge
of the same four samples, conﬁrms that negative charge of
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Figure 13. Positive charge decay in selected samples after voltage
removal for 5h.
Figure 14. Negative charge decay in selected samples after voltage
removal for 5h.
the dc-samples decays at a slower rate than their positive
counterpart.
Charge decay in a sample is governed by several factors
such as trap depth and distribution, electric ﬁeld distribution
and temperature. In the present case change in charge decay
characteristics after ageing can be attributed to the formation
of deep traps after ageing [13].
The concept of fast charge was mentioned earlier. Fast
charges, in the context of this study, refer to charges which
disappeared almost immediately after the removal of the
applied stress. As a time lag of approximately 2–3s is
needed between the removal of voltage and the measurement
ofspacecharge,the‘0min’ofthevolt-offspacechargeproﬁles
presented thus far does not take fast charge into account. If
electricalageingmodiﬁesthetrapdepth, itmayalsoaffectfast
charge.
Although it is impossible to measure fast charge in
a sample practically, it can however, be computed with
equation (5):
ρfast(x) = ρaccumulated(x) − ρvolt-off(x). (5)
Using equations (1) and (2), ρaccumulated(x) is obtained and
subsequently substituted into equation (5). The fast charge
proﬁles are shown in ﬁgure 15.
As seen in ﬁgure 15, sample A has the highest amount
of fast charge among the four samples. This suggests that
Figure 15. Fast charge selected samples.
sample A has the highest amount of shallow traps. On the
other hand, dc-sample F shows the lowest amount of fast
charge which suggests it has the least number of shallow traps.
Based on these limited data, it seems that the more severe
the electrical ageing, the lesser the amount of fast charge.
More experimental work needs to be carried out on different
materials before any ﬁrm conclusion on fast charge and its
relation to material degradation can be drawn.
4. Conclusion
Space charge evolution in XLPE planar samples degassed,
subjected to dc and ac electric stress has been investigated.
Accumulated space charge, albeit a very small amount,
canbeseeninmostofthesamplestested. Nosigniﬁcantcharge
can be observed in the sample subjected to 10Hz ac electric
stress, while accumulation of negative charges was observed
atfrequenciesof1and50Hz. Itisbelievedthatacombination
of charge injection, trapping, formation of deep traps and
material degradation caused by ac ageing is accountable for
the observed phenomena.
Increasing the applied ac electric stresses increases the
amount of charge trapped in the samples, although it is still
signiﬁcantly lower than the amount trapped in the sample
subjected to dc electric stress.
The space charge dynamics of the samples used for the
investigation of ac space charge were tested again under dc
electric stress. The results showed the threshold stress at
which space charge initiates was not affected by ac ageing.
Furthermore,positivechargebecomesmoredominantafterthe
samples were aged under ac stress. The higher the frequency
and/or magnitude of the ac stress, the more dominant positive
charge over negative charge.
As positive charge became more and more dominant,
positive packet charge was formed. These were observed in
samples that were aged under 50Hz ac. The formation and
dynamics of the packet charge were explained.
Charge accumulated during the dc stress period was
allowed to decay for 5h. It seems that ac ageing results in
1665Y L Chong et al
the formation of deeper traps, particularly for negative charge
carriers.
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